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ABSTRACT 
Ordered FeNi with the LI  superstructure is observed in the 
metallic phases of meteorites in areas with, a composition of 48-57 
wt% Ni (Albertsen et al. 1978a, Scott and Clarke 1979, Mehta et al. 
1980).  In meteorites this ordered phase is termed tetrataenite. 
The tetrataenite in Dayton and Tazewell was examined using 
conventional transmission (TEM) and analytical electron microscopy 
(AEM).  Tecrataenite was also simulated in terrestrial Fe-Ni alloys 
through electron irradiation of thin-foil specimens on the high 
voltage electron microscope (HVEM).  The purpose of this work was to 
correlate the results of the TEM, AEM and HVEM studies on meteorites 
and terrestrial iron-nickel alloys to the low temperature 
iron-nickel phase diagram (< 400°C). 
Thin-foil specimens from the terrestrial alloys and the 
meteorites formed an oxide layer on their surfaces.  Ion-beam 
thinning or cleaning increased the oxide layer.  By determining the 
metal/oxide orientation relationships for [001] , [Oil].,, [Ill]  and 
[013]Y, the reflections due to the,oxide were distinguished from the 
superlattice reflections. 
In the meteorites examined, the clear taenite (I) zone was 
fully ordered until near the cloudy zone interface.  The ordered 
domains ranged in size from 30-650 nm with the largest domains 
corresponding to the highest Ni content (53 wt% Ni) and the smallest 
domain size corresponding to the lowest Ni content (45 wt% Ni).  In 
terrestrial alloys irradiated on the HVEM, the extent of electron 
irradiation induced ordering was determined as a function of 
1 
1 
temperature and composition.  Ordering occurred in every specimen 
irradiated.  At 200°C, the 35-65 wt% Ni specimens ordered; 
increasing the temperature to, 280°C, the 40-65 wt% Ni specimens 
ordered.  A 65 wt% Ni specimen irradiated at 300°C and a 60 wt% Ni 
specimen irradiated at 320°C also ordered.  The superlattice domains 
ranged in size from 4-15 nm. 
The above results from the meteorites and the terrestrial 
*. .. \ ■    ■ 
alloys are correlated to an iron-nickel phase diagram with the 
following conclusions:  1) The general shape of the ordered phase 
field may look like the ordered phase field suggested by Goldstein 
and Williams (1982) for y '.  2) The ordered phase field may be 
located on the phase diagram to include 45 to 53 w.t% Ni.  3) A wide 
two phase ordered plus disordered region should extend from 35-65 
wt% Ni at 200°C, decreasing in size as the temperature increases. 
Although no boundaries on an Fe-Ni phase diagram can be clearly 
delineated from this work, the results are in approximate agreement 
with the phase diagram proposed by Goldstein and Williams (1982). 
v- 
I.  INTRODUCTION 
In 1962 Pauleve and co-workers (Pauleve et al. 1962) irradiated 
a 50/50 iron-nickel alloy with neutrons at elevated temperatures 
under the influence of a magnetic field.  A new phase resulted: 
ordered FeNi.  Fifteen years later Albertsen and co-workers 
(Petersen et al. 1977) reported evidence for the same ordered FeNi 
phase existing in a different iron nickel alloy:  an iron meteorite. 
Composed primarily of iron and nickel, most iron meteorites 
have bulk Ni compositions ranging from 5 to 11 wt% Ni (Scott and 
Wasson 1975).  These Ni levels are much lower than the 50 wt% Ni 
composition of the terrestrial alloy irradiated by Pauleve and 
co-workers.  Nevertheless, the ordered iron-nickel structure, FeNi; 
is observed in meteorites.  What enables the transformation to occur 
in iron meteorites is their unique thermal history.  Meteorites 
undergo an extensive heat treatment, cooling at a rate of about 
1-10°C every million years (Goldstein and Short 1967).  The 
iron-nickel phase diagram shows that as the meteorite cools, it 
transforms from a single FCC phase to two phases, a Ni-rich FCC 
phase and a Ni-poor BCC phase. Further cooling enriches the FCC 
phase until, at low temperatures, the Ni content reaches up to 57 
wt% N5 at the BCC/FCC interface (Taylor and Heymann 1971).  Ordering 
can then occur in these high Ni zones. 
To study the ordered FeNi phase, a variety of techniques are 
available.'  Observation of changes in physical properties, Mossbauer 
techniques, x-ray diffraction (Petersen et al. 1977; Albertsen et 
al. 1978a; Albertsen et al. 1978b), optical microscopy (Scott and 
Clark 1979) and transmission electron microscopy (Mehta et al. 1980; 
Jago et al. 1982; Albertsen et al. 1983) are a few that have been 
used.  A number of irradiation methods to enhance ordering kinetics 
also exist (Lam and Rothman 1975).  For example, samples can be 
bombarded with neutrons (Pauleve et al. 1962), ions (Arndt and Hines 
1961), a-radiation (Bonzel 1965), y-rays (Larsen and Damask 1964) or 
electrons (Penisson and Bourret 1976). 
In this study, the high voltage electron microscope (HVEM) and 
the transmission electron microscope (TEM) were the techniques 
chosen to study ordered FeNi for the following reasons. The HVEM is 
able to furnish the radiation necessary to increase the ordering 
rate (Penisson and Bourret 1975) allowing the transformation to be 
observed in situ (Butler and Hale 1981).  Specimen compatibility is 
another important factor.  Specimens irradiated on the HVEM can be 
examined on the TEM without further preparation.  Finally, the TEM 
provides the resolution and magnification necessary to spatially 
locate and observe individual ordered domains and their distribution 
in both the meteorites and the terrestrial alloys. 
The purpose of this work was twofold. First, the formation of 
the ordered FeNi phase in laboratory (terrestrial) alloys was 
studied and compared to the ordered FeNi phase found in meteorites. 
Second, the results of the irradiation experiments and meteoritic 
observations were correlated with the low temperature region of the 
iron-nickel phase diagram (< 400°C). A few proposed phase diagrams 
have been critically examined (Albertsen et al. 1983; Goldstein and 
Williams 1982; Rossiter ajnd  Jago 1984).  In light of the data and 
observations from this work, a two-phase ordered plus disordered 
region was proposed and delineated. 
II.  BACKGROUND 
A.  Meteorites 
1.  Background 
Meteorites are fragments of solid material from a larger 
parent body that probably originated in the asteroid belt, between 
Mars and Jupiter.  As the meteorites travel to earth their outer 
surface is heated by-friction with the atmosphere and burned off. 
The depth of penetration of heat into the solid is only about one 
centimeter; the bulk of the meteorite remains unchanged.  Thus, when 
meteorites are found on earth, their chemistry and structure can be 
directly linked to their thermal and mechanical history in outer 
space.  Through their study, important information about the origin 
of some parts of the solar system can be obtained. 
Meteorites belong to one of four structural classes: 
chondrites, achondrites, stony irons and irons (Buchwald 1975).  In 
this study, irons are examined. *  Irons are composed of Fe and Ni 
plus a variety of trace elements.  Their very slqw cooling rates of 
about 1-10°C/10 years (Goldstein and Short 1967) can result in the 
characteristic structure known as the Widmanstatten pattern shown in 
Figure 1.  This pattern is found in iron meteorites containing 7-11 
wt% Ni (Goldstein and Axon 1973).  How this pattern arises can be 
understood by referring to the phase diagram in Figure 2. 
Assume a meteorite has a bulk composition, C .  At the tempera- 
ture T , the meteorite is homogeneous Y, an FCC phase.  As it cools, 
a
, a BCC phase nucleates, and grows on the octahedral {111} planes. 
As shown at temperature T , the y phase is enriched in Ni while the a 
Figure 1.  The Widmanstatten pattern observed in the meteorite 
Mungindy, 
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Figure   2.     The   iron-nickel   phase  diagram   (Goldstein 
and  Axon   1973) . 
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phase is depleted.  In meteoritic terminology, y ,   the FCC Ni-rich 
phase is called taenite and a, the BCC Ni-poor, phase is called 
kamacite. 
At this point, the structure consists of kamacite plates on the 
{111} planes with taenite filling the polyhedral spaces between them 
(Figure 3).  As the meteorite cools further, the taenite becomes 
richer in Ni and decomposes into various zones.  The decomposed 
taenite is called plessite.  The taenite-plessite area can be 
 ■ ■ ■ * 
divided into five zones, each zone having a characteristic structure 
and Ni content (Lin, et al. 1977; Lin et al. 1979). 
(1) clear taenite (I) > 40 wt% Ni 
(2) cloudy zone 30-40 wt% Ni 
(3) clear taenite (II) 25-30 wt% Ni . 
(4) martensite 15-25 wt% Ni 
(5) duplex a+6 > 15 wt% Ni 
An electron probe microanalyzer (EPMA) was used to obtain Ni 
composition profiles across the region between the kamacite plates. 
The characteristic M-shaped Ni profile is shown in Figure 4 along 
with the location of the various zones. 
2.  Taenite and Tetrataenite 
v    Earlier research established the existence of a clear 
taenite (I) zone (Urey and Mayeda 1959, Knox 1963, Reed 1964). 
Using the EPMA,' Taylor and Heymann (1971) found the composition of 
clear taenite (I) to range from 49 to 57 wt% Ni.  In 1977 Albertsen 
and co-workers made an important discovery about the structure of 
clear taenite (I) (Petersen et al. 1977, Albertsen et al. 1978a, 
Figure 3.  The Widraanstatten pattern observed in the meteorite 
Dayton.  Note the light-colored kamacite plates with 
darker colored taenite filling the spaces. 
10 
^ 50 
, \ 
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Distonce (um) 
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Figure 4.  (a) A characteristic M-shaped Ni profile across 
taenite using the EPMA (Lin et al. 1977). 
(b) Taenite field showing 4 zones; (1) clear 
taenite; (2) cloudy zone; (3) clear taenite (II); 
(4) martensite.  K is kamacite. 
11 
Albertsen et al., 1978b).  Using Mossbauer techniques and x-ray 
diffraction, they found that clear taenite (I) contained ordered 
FeNi.  Their evidence indicated that the superstructure was an LI 
o 
with three variants, as shown in Figure 5.  Slight tetragonality was 
i C —3. i "~A present with | 1< 5 x 10  .  They also determined that the lattice 
- a 
parameters of both the disordered taenite phase and the ordered 
phase were nearly equal with a = 3.582 A _+ .002 A. 
This ordered phase, named "tetrataenite", has been identified 
and characterized in numerous meteorites using a variety of tech- 
niques (Clarke and Scott 1980).  Scott and Clarke (1979), using 
optical microscopy, identified the optically anisotropic 
tetrataenite phase in over 40 meteorites.  Transmission electron 
microscopy (TEM), scanning transmission electron microscopy (STEM) 
and EPMA techniques were used to characterize and spatially resolve 
tetrataenite in Estherville (Mehta et al. 1980), while x-rays and 
Mossbauer techniques were used to study the meteorites Santa 
Catherina and St. Severin (Danon et al. 1979a, Danon et al., 1979b). 
Recently, Albertsen and coworkers (1983) examined Cape York and 
Dayton using all of the above techniques.  Like Scott and Clark 
(1980), they found that clear taenite (I) is zoned itself, with two 
forms of taenite present.  One form, tetrataenite, contained 46-50 
wt% Ni and was located on the outer portion of the clear taenite 
(I), next to the kamacite.  Taenite, the second form, contained 
about 25 wt% Ni and was located further into clear taenite (I) and 
along the tetrataenite antiphase boundaries. 
12 
x<555S9^ 
mm 
Fe 
Ni 
Figure 5.  LI  superstructure of ordered FeNi 
13 
Disagreements still exist about the nature and location of 
tetrataenite in meteorites.  Questions include the following: 
Is clear taenite (I) totally ordered, composed only of tetrataenite 
(Scott and Clark 1980)? Does it contain ordered domains surrounded 
by a disordered matrix (Mehta et al. 1980, Albertsen et al. 1983)? 
Does taenite exist along the antiphase boundaries of the 
tetrataenite as mentioned above?     " \ 
3.  Cloudy Zone 
Tetrataenite may also exist in another plessite zone known 
as the cloudy zone.  The cloudy zone, named because of its 
appearance in the optical microscope after etching, is always 
present in irons unless the meteorite has been reheated, either on 
earth or in space (Scott 1973).  It consists of two phases forming a 
cellular or honeycomb structure.  The cloudy zone forms on the side 
of the clear taenite (I) zone opposite kamacite.  Bordering the other 
side of the cloudy zone is clear taenite (II) (Figure 4). 
Controversy exists over the identity of the two phases. 
Different studies found the phases to be either taenite and kamacite 
(Lin et al. 1979, Scott 1973), taenite and tetrataenite (Albertsen 
et al. 1978b, Albertsen et al. 1983) or martensite and tetrataenite 
(Novotny 1981). 
B.  Order 
1.  Background 
In 1919 Tammann proposed the theory of atomic ordering., 
i 
Experimental proof came in 1923 when Bain observed ordering in Cu„Au 
14 
with x-ray diffraction (Barrett and Massalski 1980).  Since those 
early years, extensive research has been done in this area.  More 
detailed accounts can be found in review articles such as those by 
Guttraan (1956), Tanner and Leamy (1974) and Reynaud (1982), 
Ordering, a diffusion controlled process, occurs in a binary 
substitutional solid solution when A and B atoms segregate from a 
random arrangement to designated sites in the lattice (Figure 6\. 
The resulting structure can be described as a lattice of A atoms 
interpenetrating a lattice of B atoms, that is, a superstructure 
(Barrett and Massalski 1980).  If the superstructure occurs over 
many atomic distances, then long range order (LRO) exists.  Some- 
times, however, neither perfect order nor completed randomness 
exists.  Instead, there is a greater than average tendency for 
unlike atoms to be nearest neighbors.  This state can be described 
as short range order (SRO). 
There are varying degrees of order which may be achieved in an 
alloy.  One method of changing the degree of order is to change the 
temperature.  At absolute zero, complete order exists.  With an 
increase in temperature, the degree of order decreases until the 
critical temperature, T , is reached.  The degree of order can be 
measured with the long range ordering parameter "S" (Bragg and 
Williams 1934). 
p-r . 
S = * '  ,  . 1-r 
where p equals the probability that an A site is occupied by an A 
atom and r equals the fraction of an A atom on the lattice.  When 
15 
v 
Figure 6.  Schematic description of the disorder-*- order 
phase transformation. 
16 
S=l, the solution is perfectly ordered and when S = 0, the solution 
is completely random. 
2.  Observation 
The presence of both LRO and SRO can be experimentally 
determined by their influence on certain mechanical, physical and 
thermal properties.  More conclusive evidence for LRO and SRO is 
their effect on x-ray and electron scattering.  Electron scattering, 
used in this study, is briefly reviewed. 
Crystallographically equivalent planes of atoms are identical 
to each other in a disordered alloy.  In an ordered alloy, this may 
not be the case.  As shown in Figure 7a and b, the (001) planes in 
the disordered structure are crystallographically equivalent, while 
in the ordered structure they are A-rich.  Therefore, electrons 
diffracting from the (001) planes in the disordered structure "see", 
the top and bottom (001) plane but they also see a plane halfway 
between the (001) planes that has equal scattering ability; total 
destructive interference occurs. 
In the ordered structure, however, the plane halfway between 
the A-rich (001) planes is a B-rich plane (Figure 7b).  Total 
destructive interference does not occur in this case.  Instead, the 
diffraction pattern contains "superlattice reflections", extra spots 
due to the long range order (Cullity 1978).  Short range order, on 
the other hand, gives rise to broad maxima on a diffuse background 
(Edington 1975). 
3.  Classification 
Thermodynamically, phase transformations are identified ■ 
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(a) 
O A 
B 
(b) 
Figure 7.  (a) Disordered alloy - (001) planes equivalent 
to (002) planes. 
(b) Ordered alloy - (001) planes A-rich, 
(002) planes B-rich. 
according to the lowest derivative of Gibbs free energy* that shows 
discontinuity (Barrett and Massalski 1980).  A first degree (order) 
transformation shows a discontinuity in the first derivative of 
Gibbs free energy.  In other words, there will be a discontinuous 
change in the long range ordering parameter, S, as a function of 
temperature, as shown in Figure 8a.  A latent heat of transformation 
occurs and a disordered and an ordered phase can co-exist.  In terms 
of a phase diagram, a two phase region occurs (Figure 9a). 
A second degree transformation shows a continuous change in S 
with temperature (Figure 8b) and no latent heat of transformation. 
Only one phase can exist at one temperature and composition as shovfti 
in Figure 9b.  The structure is either ordered or disordered; there 
is no two-phase field. 
4.  TEM Observation 
Due to the TEM, the order/disorder transformation has 
received increased attention.  Now the microstructure can be 
observed along with the diffraction pattern.  As described above, 
electron diffraction patterns reveal the presence or absence of 
ordering.  To determine whether the structure is fully ordered or 
whether only regions (domains) of order exist, one can examine the 
microstructure.  Boundaries between the ordered domains, where wrong 
neighbors are bonded, are known as anti-phase boundaries (APBs). 
*The Gibbs free energy itself is always continuous at the equilib- 
rium temperature since the two phases must have the same free energy 
to be in equilibrium. 
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(a) 
TEMPERATURE 
(b) 
TEMPERATURE 
Figure 8.  (a) First degree transformation showing 
discontinuity in the S vs. Temp diagram, 
(b) Second degree transformation showing 
continuous change in the S vs. Temp diagram. 
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Figure 9.  Schematic partial phase diagrams: 
(a) first degree transformation 
(b) second degree transformation. 
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Their contrast effects have been studied and can be observed in the 
TEM (Amelinckx, 1972); x-rays and optical microscopy cannot detect 
them. 
5.  Ordered FeNi 
Ordered FeNi has the LI  structure (Pauleve et al., 1962). 
o 
As shown in Figure 10, the LI  is a face-centered lattice with 
o 
alternating layers of Fe and Ni on (002) planes.  This is one 
variant.  Two others exist and are also shown in Figure 10.  Note 
that Fe and Ni alternate on  (200)  and  (020)  planes in the second 
and third variants.  Slight tetragonality exists for the ordered 
ic—ai —4 
FeNi superstructure but it is so slight, | 1 < 5 x 10 
(Albertsen et al., 1978b), the structure is assumed cubic herein. 
The reciprocal lattice for the first variant is shown in Figure 
11.  It is useful for analysis of diffraction patterns.  For exam- 
ple, if an FeNi crystal with the first variant (Figure 10) is 
oriented with (001) parallel to the electron beam, the diffraction 
pattern will be the plane shown in Figure 11.  Note that four {110} 
superlattice reflections occur. 
If the second variant (Figure 10) is present instead, the 
reciprocal lattice and corresponding diffraction pattern must be 
reanalyzed.  How they change can be established by examining the 
relationship between the first and second variant. , The front face 
'        in variant 1 (100) is the top face in variant 2 (001).  The same 
reorientation follows for the reciprocal lattice.  Imagine that in 
Figure 11 the front face becomes the top face.  The [001] 
diffraction pattern is, therefore, the plane traced out in Figure 
... f.: 
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(a) 
(b) 
(c) 
, Z 
Figure 10.  LI  structure for ordered FeNi showing 
the three possible variants. 
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(b) 
Figure 11.  (a) Reciprocal lattice for variant 1 
(b) Resulting [001] SADP. 
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12.  Note that the {100} and (120) superlattice reflections now 
occur. 
6.  Radiation-Enhanced Ordering 
For ,'diffusion to occur, there must be enough energy to 
supply two events.  First, energy is needed to create a vacancy 
(formation energy) and second, energy is needed to move an atom into 
that vacancy (migration energy).  In the iron-nickel system dif- 
fusion is very sluggish.  It can be shown (see Discussion, Section 
2A) that it would take over 10,000 years at 300°G for one atom to 
jump to the next lattice site.  Diffusion can be enhanced by 
radiation because radiation increases the vacancy concentration (Lam 
and Rothman, 1975).  The energy required for ordering then decreases 
because only the migration energy must be supplied thermally. 
The first attempt to enhance diffusion in iron-nickel through 
irradiation was made in France in 1962 (Pauleve et al. 1962).  A 
50/50 iron-nickel alloy was irradiated with neutrons in the presence 
of a magnetic field.  An AuCu type of order-disorder transformation 
resulted in ordered FeNi below a critical temperature reported as 
320°C.  After further work with neutron irradiation (Neel et al. 
1964; Gros and Pauleve 1970; Billard and Chamberod 1975), a HVEM was 
used to irradiate a 50/50 iron-nickel alloy with high energy 
electrons (Penisson and Bourret 1976).  The ordered phase again 
St 
resulted. 
C.  High Voltage Electron Microscopy 
A HVEM was used in this work because it provided a means of 
irradiation with temperature control and concurrent in situ 
25 
* A 
(a) 
B* 
• 
200 
• 
220 
• 
6 O 
100 
O 
120 
• T • 
020 
o o_ 
100 
_o 
120 
• •- 
200 
• 
220 
(b) 
Figure 12.  (a) Reciprocal lattice for variant 2. 
(b) Resulting [001] SADP. 
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observation of the transformation.  During irradiation, the high 
energy electrons transfer energy to the atoms.  At energies greater 
than the "threshold energy" (E ), atoms are pushed from their sites 
leaving vacancies and creating interstitials as shown in Figure 13. 
This is called displacement damage and is an important process in 
metals (Zee and Wilkes, 1981).  The threshold energy is a material 
characteristic and for metals E usually ranges from 5-50 eV; E, for 
Fe is 20 eV, for Ni 23-24 eV (Makin and Sharp, 1968). 
Although the HVEM is a powerful technique for in situ work, 
there are pitfalls that an experimenter must be aware of.  Foil 
thickness, beam heating, specimen shape, specimen environment, and 
radiation damage effects may all contribute to invalid results 
(Butler and Hale, 1981). 
Specimen thickness is a concern because HVEM specimens have a 
large surface to volume ratio and lack the constraint provided by 
the. surrounding material in bulk specimens.  Therefore, results from 
HVEM specimens may not be  typical of those obtained in bulk 
specimens.  For diffusion-controlled reactions, like this disorder 
to order transformation, critical specimen thicknesses exist but 
they depend on the material and experimental conditions. 
When an electron beam is focused on a specimen examined in 
transmission, the temperature of the specimen increases.  It is 
important to keep beam heating to a minimum or the temperature in 
the area of interest is higher than expected.  Beam heating will be 
minimized by using high voltages, small incident beam diameters, low 
beam currents, and high conductivity metal samples. 
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Figure 13.  Schematic illustration of 
(a) displacement damage occurring during 
HVEM irradiation 
(b) resulting structure. 
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The in situ experimenter must also know that the scale of 
transformation being examined is less than the foil thickness. 
Success is also more likely if the transformation occurs within the 
time scale of  a normal microscope session. 
The environment in the column is also a concern.  Under certain 
conditions, the atmosphere can be strongly reducing.  Also, specimen 
contamination is frequently encountered.  Hydrocarbons are deposited 
on the surface of the specimen originating from diffusion pump oil 
and vacuum grease.  The hydrocarbons interact with the electron beam 
and form a carbon film, masking the specimen.  The build-up is a 
problem during dynamic experiments in a localized area over extended 
periods of time.  To reduce contamination, an anti- 
contaminator cooled with liquid nitrogen can be used.  The partial 
pressure of the hydrocarbons in the vicinity of the sample is 
reduced, decreasing the amount of carbon film deposited.  Con- 
tamination is also reduced through heating or cooling the specimen. 
Thus, hot-stage and cold-stage experiments pose less of a contamina- 
tion problem. 
As previously mentioned, displacement damage increases the rate 
at which diffusion-controlled processes occur through the creation 
of point defects in the beam area.  There is increasing evidence, 
however, that electron irradiation not only results in enhanced 
diffusivity due to an increase in vacancy concentration but chat it 
can also change the mechanism of a dynamic event by altering the 
stability of the microstructure.  In other words, instead of a 
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radiation enhanced transformation, we must consider the possibility 
of a radiation induced transformation occurring. 
D.  Microanalysis 
The scanning transmission electron microscope (STEM) provides a 
high spatial resolution technique for obtaining chemical composition 
information.  Combined with imaging and diffraction techniques, the 
STEM is a powerful instrument.  For analytical work, an electron 
beam is focused onto a thin film specimen generating x-rays.  By 
measuring the x-rays with an energy dispersive spectrometer (EDS) 
chemical analysis can be obtained from areas 10-100 nm in diameter 
(Goldstein 1979).  The resultant x-rays come from a volume in the 
sample that interacts with the beam.  Chemical information is 
acquired from this interaction volume, a function of incident beam 
energy and sample thickness. 
Beam spreading occurs in the thin foil making spatial 
resolution greater than the focused beam size.  Goldstein et al. 
(1977) estimated the beam spreading in a thin foil using a single 
scattering model.  The dominant process of scattering was assumed to 
be atomic nuclei scattering taking place at the center of the thin 
foil.  The mathematical expression 
b = 6.25 x 103 (Z/E ) (P/A)X/  t J/^ 
o 
shows that the beam spreading (b) depends on the atomic number (Z), 
the atomic weight (A), the energy of the incident beam in eV (E ), 
3 
the density of the foil in g/cm  (P) and the foil thickness in cm 
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(t).  The total spatial resolution is then defined as (b + b) where 
o 
b  is the diameter of the incident, 
o 
As shown in the above equation, to calculate beam spreading 
experimentally, the foil thickness must be known.  One method of 
measuring thickness is by using contamination spots.  It should be 
noted that this method overestimates thicknesss and therefore the 
beam spreading (Rae et al. 1981).  Using contamination spots, the 
typical foil thickness was measured as 1500A.  Beam spreading at 120 
kV was calculated then as. about 350A. 
To quantify the x-ray data, the well known Cliff-Lorimer ratio 
technique (Cliff and Lorimer 1975) can be used relating the 
concentration ratio of "the elements present in the analyzed volume 
to the measured characteristic peak intensity ratio.  Because the 
iron-nickel foils analyzed in this study meet the thin film 
criterion, that is the fluorescence and absorption effects are 
negligible (Goldstein 1979) , the simple expression 
S   - k     .lNi/ 
CFe    NlFe      ^e 
can be applied.  C represents the concentration, I represents the 
intensity and k^-F  is the proportionality constant.  The 
proportionality constant k^.w  can be experimentally determined from 
an alloy of known composition (i.e., C  >    is known).  The 
CFe 
advantage of the ratio technique is that fluctuations in the beam 
intensity and sample thickness variations do not affect the results. 
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E. Oxide Films 
After jet polishing thin foils, an oxide spinel layer, Fe 0, or 
NiFe„0,, forms spontaneously on the surface (Chen and Morris 1976). 
The lattice parameters of Fe„0., 8.396 A and NiFen0., 8.339 A, are 3 4 2 4 
too close to determine, by electron diffraction, which one forms. 
This oxide layer has caused problems because the reflections arising 
in the diffraction pattern have been confused with those due to 
ordering (Tekin and Kelly 1965; Smith 1966; Hausch and Warlimont 
1971).  The oxide morphology is also confusing.  In the form of 
"islands", the tiny, oriented oxide particles look very similar to a 
precipitate. 
F. Phase Diagrams 
Early work on the iron-nickel phase diagram was done by Owen 
and Sully (1939) and Owen and Liu (1949).  They used powder x-ray 
diffraction techniques on bulk iron-nickel samples down to 300°C. 
Inadequacies in the x-ray procedure and the probable lack of equi- 
librium in the low temperature alloys made accurate positioning of 
the solvus lines impossible. 
Further experiments using the EPMA on bulk samples were done by 
Goldstein and co-workers.  They assumed that although an alloy may 
not have reached the state of final bulk equilibrium, the 
equilibrium composition of two phases exists at their interface. 
Goldstein and Ogilvie (1965) redetermined the iron-nickel diagram to 
about 500°C.  More recently, using STEM for microanalysis, Romig and 
Goldstein (1980) determined the diagram in the 70Q-300°C temperature 
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range. 
As shown in Figure 14, above 912°C for pure Fe, there is a 
solid solution of Y-FCC.  Below 912°C, this Y-FCC transforms to 
a-BCC.  Adding Ni to the Fe stabilizes Y and above 912°C a solid 
solution of Y-FCC exists.  Below 912°C is a two-phase region of a + 
y.  Also note the martensite start (Mc) and martensite  finish (M ) o F 
curves (Kaufman and Cohen, 1956). 
This phase diagram, however, cannot be directly applied to 
terrestrial alloys.  If a terrestrial alloy is cooled from Y and 
held within the two phase region, no y+a transformation occurs due 
to the very sluggish diffusion of this system.  Equilibrium must 
instead be approached by cooling below M , forming a  (martensite) 
and reheating into the two phase region. 
As the temperature is decreased, diffusion becomes even slower 
making the low temperature (< 300°C) portion of the iron-nickel 
diagram very difficult to determine.  There are a few methods of 
getting around the kinetics problem.  One is to study iron 
meteorites.  As mentioned previously, iron meteorites are 
iron-nickel alloys that have had an extended cooling period. 
Studying their chemistry and structure can yield information 
pertinent to the phase diagram.  Another method of speeding up the 
kinetics is through irradiation.  Both methods have been used to 
delineate some low temperature phase boundaries on the diagram 
(Goldstein and Williams 1982; Albertsen et al. 1983; Rossiter and 
Jago, 1984).  Both of these approaches have been used in this 
research. 
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Figure 14.  The iron-nickel phase diagram (Romig and Goldstein 
1980). 
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Figure 14.  The iron-nickel phase diagram (Romig and Goldstein 
1980). 
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III.  EXPERIMENTAL PROCEDURES 
A. Experimental Design 
The experiments for this thesis were designed to determine the 
extent of electron induced ordering in iron nickel alloys as a 
function of alloy composition and irradiation temperature.  The 
ordered phase in these laboratory alloys was then compared with 
tetrataenite, the ordered phase in meteorites. 
Homogeneous binary iron-nickel alloys with compositions from 35 
to 65 wt% Ni were prepared form the pure elements, heated into the 
single phase taenite region (y). and quenched to retain the FCC 
structure.  Specimens were jet polished to produce TEM thin foils 
and then irradiated with 1 MeV electrons on the KRAT0S/AEI-EM7 HVEM 
in the temperature range 200° to 320°C.  Both the laboratory and the 
meteoritic specimens were examined using the Philips EM300 or EM400T 
TEM. 
Meteorite samples of Dayton and Tazewell supplied by Dr. Roy S. 
Clarke, Jr. are gratefully acknowledged. 
B. Bulk Alloy Preparation 
Seven iron nickel alloys with compositions ranging from 35 to 
65 wt% Ni were made from high purity Fe and Ni rods supplied by the 
United Mineral Corporation, New York.  Their chemical analyses are 
listed in Table I.  The 5 mm rods were cut and weighed to yield a 5 
gm melt for each alloy.  The Fe and Ni were place in a mullite 
crucible and flushed for a few minutes with a reducing atmosphere of 
argon and hydrogen in a ratio of 20:1, respectively.  In this 
35 
TABLE I 
Chemical Analyses of High purity 
Fe and Ni used in this Study 
Fe Ni 
99.999% 99.999% 
(ppm) (ppm) 
Ni                 - solvent 
Fe               solvent 15 
Si          .5 < 1 
Cu                  2 2 
Mg                 2 < 1 
Mn 5 
C                  70 9 
N                 200 1   
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controlled atmosphere the alloy was induction melted using a Lepel 
15 kW thermonic RF generator and a slow heating rate to prevent 
failure of the crucible by thermal shock.  The molten metal was held 
in the liquid state for a few minutes to allow complete mixing and 
then slowly cooled to prevent porosity. 
C.  Homogenization 
The alloys were homogenized to ensure a uniform composition 
across any transverse section.  Each alloy was placed in a separate 
quartz tube with a piece of tantalum foil to reduce oxidation.  The 
tubes were evacuated, sealed and checked with a Tesla coil to ensure 
an adequate vacuum.  The evacuated tubes were placed inside a 
horizontal tube furnace at 1200°C for 100 to 190 hours.  The tubes 
were then crushed in cold water, quenching the alloys. 
The homogeneity was checked using the JEOL 733 superprobe 
electron microprobe.  A 2 mm slice was cut from each alloy and 
compositional information was obtained from at least twelve random 
points.  The level of homogeneity for a given confidence level (1-a) 
was determined by the following equation (Goldstein et al. 1981): 
Wl     t
1
""  S 1-a     n-1   c 
+ -7;— = +  • —    100 relative % (1) 
~       ~/n    N 
where W,   is the range of homogeneity 1-a b b J 
C    is the true weight fraction of the element of interest 
n   is the number of measurements 
N   is the number of counts accumulated during each analysis 
S    is standard deviation association with the total counts 
c 
1-a t  . is the student t value, and 
n-1 3? 
(n-1) is the number of degrees of freedom. 
A 99% confidence level was chosen and a level of homogeneity of 
1% relative to the Ni composition was deemed acceptable. 
Homogenization details are given in Table II. 
D.  Sample Preparation for TEM and HVEM 
1. Laboratory Alloys 
Each laboratory alloy was rolled to twelve mils and 3 mm 
discs were punched out.  The discs were encapsulated in a quartz 
tube with tantalum foil to prevent oxidation.  The evacuated quartz 
tubes were then placed in a horizontal furnace held at 1000°C for 1 
hour to austenitize the discs.  The tubes were crushed in cold 
water, quenching the discs.  The disc samples were cleaned and 
thinned by fine grinding on SiC papers to thicknesses of 3 to 4 
mils. 
Specimens were prepared for TEM investigations and HVEM experi- 
ments using a Fischionne twin jet electropolishing apparatus.  The 
unit was operated at 105 V with a 2% perchloric/98% ethanol polish- 
ing solution.  The temperature of the polishing bath started at 
-40°C and was controlled to keep the current below 20 mA.  Jet 
polishing was used because a preliminary study indicated that this 
thinning method resulted in less oxide growth than ion thinning. 
2. Meteorites 
Samples of the meteorites Dayton and Tazewell were examined in 
this study.  Dayton contains a bulk composition of 17.62% Ni and 
0.4% P.  Tazewell contains 14.9% Ni and about 0.3% P -(Buchwald 
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TABLE II 
Results of Homogenization of Iron-Nickel Alloys 
Sample Alloy Composition Homogenization Level of Homogeneity 
Ni (wt%) 
35 35.2 
40 28.8 
45 44.6 
50 49.1 
55 54.6 
60 59.1 
65 63.7 
mp (° K) Time (sec) W99%/C 
1473 68.4 X io4 0.81 
1473 39.6 X io4  ■ 0.70 
1473 39.6 X io4 0.68 
1473 68.4 X io4 ' 0.41 
1473 39.6 X io4 0.50 
1473 39.6 X io4 0.51 
1473 68.4 X io4 0.45 
1975).  The meteorite samples were sectioned and sliced into wafers 
about 12 mils thickn on a slow speed diamond saw. Electrical 
discharge machining (EDM) trepanned the wafers into 3 mm discs.  The 
meteoritic 3 mm discs were thinned by fine grinding on SiC papers to 
thicknesses of 3 to 4 mils.  Jet polishing was done on a Struers 
Tenupol jet polishing unit using the same conditions as described 
for the laboratory alloys.  When the hole and thin area did not 
occur in the area of interest (i.e., the taenite region) the 
specimen was further thinned using the Technics ion-beam milling 
machine for 20 minutes with the specimen at an angle of about 11°to 
the ion beam. 
E.  Irradiation Experiments 
Preliminary irradiation experiments were run at Argonne Nation- 
al Laboratory on their KRATOS AEI-EM7 HVEM using 1 MeV electrons. 
The beam current density was read on a movable Faraday cup above the 
1 ft  —  ? 
fluorescent screen. A flux of 5.8 x 10  e /cm -sec induced ordering 
in a 50 wt% iron-nickel sample. 
Three jet polished specimens, along with extra 3mm discs of 
each laboratory alloy were transported to Imperial College, London, 
in a vacuum desiccator.  A few samples were jet polished at Imperial 
College using a Struers twin jet polishing unit under the same 
operating conditions,, and with the same polishing solution as 
described in part D of_this chapter. 
A KRATOS AEI-EM7 HVEM was also used at Imperial College, 
however, no Faraday cup was available to evaluate the current 
density.  Instead the current was read on the screen. 
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18  —   2 
Knowing that a flux of 5.8 x 10  e /cm sec was desired, the 
corresponding current desired on the screen was calculated as 
following. 
Converting the flux to beam current density 
18-2 -19 ? 
5.8 x 10  e /cm sec x 1.6 x 10    A-sec = 0.928 A/cm    (2) 
Intensity on screen (A) 
Then knowing the beam current density = n-    (3) 
,, ,  2. area of beam(cm ) (A/cm ) 
the intensity on the screen can be calculated as: 
I(intensity) = beam current density x area of beam (4) 
Assuming a beam diameter of about 4 um (this was later measured on 
negatives taken of the beam size), the desired screen intensity was 
calculated as follows: 
I = 0.928 A/cm2 x (4 x 10 4 cm)2) n (5) 
= 4.66 x 10"7 A 
A bias setting^of 5 gave a screen intensity of 1.4 x 10  A yielding 
I Q    _      O 
a flux of about 2 x 10  e /cm -sec.  It should be noted, however, 
1
 v. 
that calculating the flux from the screen intensity and beam 
diameter could result in underestimating the flux in the beam center 
by a factor of 10 (Urban, 1975). 
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A thin foil specimen was loaded into a double tilt heating 
stage and inserted into the HVEM.  For each alloy and at each 
temperature, a different specimen was used. After finding an area of 
interest in a low index orientation, heating was started.  The 
temperature was controlled using a Ni-Cr/Cu-Ni thermocouple and a 
digital readout.  The specimen was held at the desired temperature 
for at least one minute, and the beam was then condensed.  Photo- 
graphs were normally exposed after 100 seconds, 500 seconds, and 
1000 seconds. 
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IV.  RESULTS 
This section contains the results of the study of oxide forma- 
tion on FCC iron-nickel alloys, the results of the HVEM irradiation 
experiments and the results of the meteoritic study examining the 
clear taenite (I) phase. 
A.  Oxide 
Thin-foil specimens of a 35 wt% Ni-Fe alloy were prepared using 
one of three methods:  jet-polishing, ion-beam thinning or 
jet-polishing followed by ion cleaning.  Reflections, besides those 
due to the matrix FCC phase,were present in the selected area 
diffraction patterns (SADPs).  Both the ion-beam thinned specimen 
and the jet-polished ion cleaned specimen had a larger number of 
more intense extra reflections compared to the specimen that was 
jet-polished.  Figure 15 and 16 show the difference. 
These extra reflections were indexed as an oxide, either 
NiFe„0, or Fe.O,.  A number of different orientations were examined. 2 4     3 4 
Figures 15 and 16 show the iron-nickel sample in an [Oil] 
orientation, Figure 17, the [Til]  orientation and Figure 18, the 
[013]  orientation.  The details of the orientation relationships 
Y 
between the oxide and the FCC iron-nickel surface can be found in 
the Discussion section. 
The orientation-of the oxide that grew during irradiation on 
the HVEM was also determined for FCC iron-nickel alloys. Because 
most of the HVEM irradiation was done with the specimen close to an 
<001>   orientation, the <100>  /oxide orientation was studied. 
Y  - Y 
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Figures 19 and 20 show the two cases of oxide growth during 
irradiation on an <001>  orientation.  Again details of the orien- 
Y 
tation relationships determined can be found in the Discussion 
section. 
B. HVEM 
Thin-foil specimens were prepared from seven alloys in the 
35-65 wt% Ni range for HVEM irradiation experiments.  Figure 21 
shows an example of the radiation damage that occurred using 1 MeV 
electrons.  Every specimen irradiated underwent the disorder to 
order transformation, evidenced by the appearance of superlattice 
reflections.  Table III summarizes the results.  The 40, 45, 55, 60 
and 65 wt% Ni specimens ordered at 200-280°C. 1 The 35 wt% Ni 
ordered at 200°C, the 65 wt% Ni at 300°C and the 60 wt% Ni at 320°C. 
The 65 wt% Ni specimen gave rise to the most intense 
superlattice reflections.  Imaging these superlattice reflections 
showed superlattice domains ranging in size from 4-15 nm, Figure 22. 
C. Meteorites 
Taenite fingers in Dayton were examined in the TEM searching 
for the clear taenite (I) phase.  Diffraction from this phase gave 
rise to superlattice reflections, Figure 23.  Imaging these re- 
flections showed ordered domains with sizes ranging from 30 nm in 
the low Ni region to 650 nm in the highest Ni region, Figure 23. 
A <111>  orientation was studied in order to examine the three 
Y 
i 
possible variants of the ordered structure.  Imaging three 
superlattice reflections shows that all three variants do exist. 
Figure 24 shows each reflection and its corresponding image.  By 
44 
overlaying these three images, Figure 25, all three variants can be 
shown as they exist in the clear taenite (I) phase. 
The clear taenite (I) zone was also analyzed for Ni content. 
STEM microanalysis traces were taken across three different clear 
taenite (I) zones, two in Dayton, one in Tazewell.  A typical Ni 
profile across one Dayton clear taenite (I) zone is shown in Figure 
26.  The Ni content is high near the kamacite interface, decreasing 
across the zone to the cloudy zone.  The Ni composition from the 
three traces ranged from 53 wt% Ni near the kamacite interface to 45 
wt% Ni near the cloudy zone. 
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Figure 15.  Ion-beam thinned Fe-35Ni specimen (FCC) 
(a) SADP from [Oil] 
(b) Index of [Oil] Ymatrix  _ 
(c) Index of one variant of_[112]   oxide 
(d) SADP drawn of 3 oxide [112] variants. 
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(a) SADP from jTll]Y 
(b) Index of [111]Y_matrix 
(c) Index  of one [112] _ oxhide variant 
(d) SADP drawn of 3 oxide [112]   oxide variants 
(e) Reflections due to double diffraction. 
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Figure   18.      Ion-beam  thinned   Fe-35Ni  specimen   (FCC) 
(a) SADP from [013]y 
(b) Index of [013]^ matrix 
(c) Index of one [112]   oxide variant 
(d) SADP drawn of 2 oxicfe [112]   variants 
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Figure 19.  Jet-polished HVEM irradiated Fe-50Ni specimen (FCC) 
(a) SADP from [001]y showing superlattice reflections 
(b) Index of [001]^ matrix and superlattice reflections 
(c) Index of one 
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Figure 20.  Jet-polished HVEM irradiated Fe-50Ni specimen (FCC) 
(a) SADP from [001 |y 
(b) Index of [001]Y matrix 
(c) Index of one [112Jox oxide variant. 
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Figure 21.  (a) Bright field (BF) of 65 wt% Ni specimen before 
irradiation; marker = 0.6 ^m. 
(b) BF of (a) after irradiation at 280°C for 1000 
sec.; marker = 0.6 urn. 
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(d) SADP corresponding to (b),< 100> 
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TABLE III 
Results o£ HVEM Irradiation Experiments 
Flux = 2 x 10  e /cm /sec 
TO 
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CO 
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1—' -1 
TO Ei. — 
-s 
3 
\   wt% 
_  \.    Ni Temp\ 
(C) \ 
35 40 45 50 55 60 65 
320 0 
300 
% 0 
280 0 0 0 0 0 
240 0 0 0 0 0 
200 0 0 0 0 0 
(a) 
(b) 
"igure 22.  (a) BF of 65 wt% Ni specimen after irradiation at 
300°C; marker = 0.1 urn. 
(b) <100>   SADP after irradiation. 
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igure 22.  (c)  Centered dark field (CDF) of superlattice 
reflection; marker = 0.1 ym. 
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ii',ure 2'}.  (a) HI- of clear taeniLe (I) (CTI) in Davton; 
marke r = 0 . h   \.n\. 
(b) SADP of area in (a). 
(c) CDF   of   supt't'latt ire   reflection;   marker   =   0 . -\   ;.m. 
f>i 
i gure 3.      (cf)   Higher  magnification   of   (a);   marker   =   0.2 
(e)   Higher   magnification   of   (c);   marker  =   0.2 
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Figure 24.  (a) BF of clear taenite (I) in Dayton; <!!!>. 
orientation. 
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VARIANT #1 
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CT (I) 
Cloudy Zone 
Figure   24.      (b)   CDF  of  variant   1. 
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Figure   24.      (c)     CDF  of  variant   2. 
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VARIANT #3 
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CT (I) 
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Figure 24.  (d) CDF of variant 3. 
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Figure 25.  Montage of 3 variants of ordered domains present in 
clear taenite (I). 
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Figure 26.  (a) Clear taenite (I) zone; marker - 0.5 urn. 
(b) STEM trace across clear taenite (T). 
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V.  DISCUSSION 
A.  Oxide 
1.  Formation on FCC Iron-Nickel Alloys 
Iron-nickel alloys tend to form an oxide layer on their 
surfaces.  Using the TEM, Chen and Morris (1977) characterized this 
oxide as Fe_0, or Ni Fe.  0, and determined its orientation on BCC 3 4     x 3-x 4 
iron-nickel alloys.  Because this work involved iron-nickel alloys 
with the FCC structure their -results could not be applied.  This 
work, therefore started with a TEM study of oxide formation on FCC 
iron-nickel alloys with the following questions in mind: 
1. Does an oxide form on FCC iron-nickel alloys? 
2. Can oxide layer formation be prevented? 
3. What is the orientation relationship between the FCC metal 
and the oxide layer? 
4. Does the oxide obscure other reflections? 
5. What is the morphology of the oxide? 
TEM examination of FCC iron-nickel thin-foil specimens revealed 
extra reflections in the SADP besides the FCC matrix reflections. 
By assuming that the oxide Fe„0, or NiFe„0, formed as a surface 
layer, all extra reflections could be accounted for.  These are the 
same oxides Chen and Morris found growing on BCC iron-nickel alloys. 
1
 Next, specimen preparation techniques were studied to determine 
whether the oxide layer could be prevented.  TEM thin-foil specimens 
were prepared in one ©f three ways:  chemical jet polishing, 
ion-beam thinning or jet polishing followed by ion cleaning.  The 
results showed that the specimens that were ion-beam thinned or jet- 
Y 
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polished followed by ion cleaning had many oxide reflections in 
their diffraction patterns, Figure 15.  Meanwhile, the jet-polished 
specimens had fewer, less intense reflections, Figure 16. 
It was important to characterize the orientation relationship 
between the FCC metal and the oxide.  The oxide reflections may 
coincide with superlattice reflections leading to confusion and 
possible misinterpretation of the SADP.  The metal/oxide orientation 
was determined by indexing a few low index patterns. 
The diffraction pattern in Figure 15 was taken from an ion-beam 
thinned specimen close to an [Oil]  orientation.  From the analysis 
in Figure 15, three variants of the oxide exist.  For variant 1, the 
relationship is 
[Oil] II[112]  ,, 
Y oxide 
(200) 11(220)  .,       ' 1
    oxide 
For variant 2, (111)  is about 7° from the (220)  .,  and for 
Y oxide 
variant 3, (111)  is about 4° from the (220) '.,   . 
Y oxide 
Figure 16 is a diffraction pattern again from an [011]  orien- 
tation, however, this specimen was jet-polished.  Only one variant 
of the oxide is apparent. 
[011] I I [112]  ,, 
Y oxide 
(022)  is about 2° from (220)  . , 
Y oxide 
Note that this single oxide variant has a different relationship 
with the FCC metal than any of the three variants shown in Figure 15. 
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Chen and Morris (1977) found a <112>  .. variant on their BCC 
ox 
iron-nickel specimens oriented in an <011> direction, similar to 
the results presented above.  However, they also needed a <111> 
ox 
variant to account for remaining reflections. 
The diffraction pattern in Figure 17 was taken with the crystal 
oriented close to the [111]  zone.  Three variants of the <112>  . , 
Y oxide 
zone are present along with double diffraction.  Consider the three 
variants of the <112>   oxide.  For the first variant, the [111] 
ox , L   JY 
[112]   and the (202)  is about 5° away from the (220)  .„ .  For 
ox y J oxide 
variant 2, (022)  is about 3° from the (220)  . , , while for variant 
Y oxide 
3, (220)  is about 3° from (220)  ., . 
Y oxide 
The analysis also shows the reflections accounted for by double 
diffraction,Figure 17e.  Double diffraction is a common source of 
extra reflections.  It occurs when a specimen consists of at least 
two layers, crystal 1 and crystal 2.  When the Bragg angle is 
satisfied in crystal 1, the diffracted beam from crystal 1 may act 
as a transmitted beam on crystal 2.  If the geometry is such that 
the Bragg angle for crystal 2 is satisfied, extra reflections occur. 
Double diffraction is applicable here because a surface layer of 
oxide covers the top and bottom surfaces of the thin foil, as shown 
in Figure 27.  As the electron beam hits the sample, diffraction 
occurrs first from the top oxide layer.  Because this surface layer 
is thin, the diffracted beams are weak.  Any double diffraction 
I.. 
using these weakly diffracted beams as transmitted beams in the 
iron-nickel layer will be too weak to observe.  The transmitted beam 
is then diffracted from the iron-nickel layer.  Strong diffraction 
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(a) 
(b) 
CRYSTAL I 
CRYSTAL 2 
FeNi        CRYSTAL   I 
OXIDE    CRYSTAL 2 
FeNi 
Figure 27.  Schematic representation of double diffraction 
(a) Diffracted beam from top oxide surface layer, 
Dox, is too weak to cause double diffraction. 
(b) Diffracted beam from FeNi layer, DFeNi, acts 
as strong transmitted beam in the oxide layer; 
result is double diffraction, DD. 
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occurs and these strongly diffracted beams are useful as transmitted 
beams for the bottom oxide surface layer.  Double diffraction then 
occurs.  For more details, see Edington (1975).  Chen and Morris 
(1977) did not analyze a <111> pattern with oxide reflections. 
a 
The diffraction pattern in Figure 18 was taken from a zone 
close to an [013]  orientation.  Two variants of the <112>  oxide 
Y ox 
again appear, one strongly, one less intensely.  The strongly 
diffracting variant shows [013] II[112]   and the (220)  about 12° 
Y       ox 
from (720)  . , .  The second variant has an brientation of (131) 
oxide Y 
about 5° from (220)  . , .  Chen and Morris (1977) did not analyze an 
oxide J 
<013>    iron-nickel  specimen. 
a • :     • 
On all diffraction patterns analyzed to this point, only 
variants of the <112>  .,  are needed to account for all 
oxide 
reflections.  The <111>  oxide variants could have been added to 
ox 
the [0111  pattern in Figure 15 and to the [111]  pattern in Figure 
17 without changing the previous analysis.  That is, a <111>  oxide 
zone fits both of these patterns, overlapping the <112>  variants, 
ox 
but all,<112>  variants shown are necessary to account for all 
ox 
reflections.  See Figure 28 for example. 
It was not surprising, therefore, to find that a <112>   also r
    ° ox 
existed on an <001> during irradiation.  Figure 19 shows a SADP 
taken during irradiation with the specimen close to an [001] 
orientation.  The iron-nickel fundamental and superlattice 
reflections are indexed in Figure 19b.  The analysis shown in Figure 
19c-g shows that the remaining reflections can be accounted for by 
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Figure 28.  (a)  [Oil]  with oxide present; same as 
Figure_15 
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(c) Reflections not accounted for by [111]0  (0) 
74 
202 
022 
220 
(d) 
£404 
I       ^ i044 
^ I 
s \ 1440 
(e) 
I 
I 
o 
/ 
o 
^   i  > 
'     i 
x-   l   ■ 
I     ] 
xx\ 
I 
A- 
o 
\x' 
x~ 
(f) 
® [ II3J 
Figure. 28.  (d) [111]., with oxide present; same as 
Figure 17 
(e) [lll]ox oxide pattern 
(f) Reflections not accounted for by [lll]ox (0) 
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one oxide <112>  . ,  variant plus double diffraction and by one 
oxide 
oxide <111>  . ,  plus double diffraction.  The orientation 
oxide 
relationships are 
[001] ||[112]  ,, 
Y oxide 
(220) ||(220)  ... 
Y oxide 
(220) II (220)  ., 
Y oxide 
Figure 20 shows another SADP taken during irradiation, again 
close to an [001]  orientation.  The analysis of this complex 
pattern shows that four< 112>  ,,  variants of the oxide exist, Y oxide 
Figure 20b-d.  The reflections shown in Figure 20e are not yet 
accounted for.  They can be indexed in one of two ways: 
(i)   Two more <112>  .,  variants, Figure 20f 
oxide . 
(ii)   Two<lll>  . , variants, Figure 20g 
oxide ° 
By including double diffraction from either of these possibilities, 
all reflections can be accounted for, Figure 20h. The orientation 
relationships found are as follows: 
[011] | | [112]  , , yI I L   Joxide 
(220) | | (220)  . . 
Y'     oxide 
(220) ||(220)  ., YI I     oxide 
(200)  is about 15° from (220)  ., 
Y oxide 
(020)  is about 15° from (220) t, v oxide 
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[001] I I [112]  , . [001]   [111]  _ Y M    oxide l   JYIIL   Joxide 
(200)  is about 15° from (220) t, (200)  is about 15° from (202)  ,„ Y oxide      Y oxide. 
(020)  is about 15° from (220)  JJ (020)  is about 15° from (022) dJ Y oxide      Y oxide 
Morris and Chen (1977) indexed an <001> pattern.  Their analysis 
resulted in one <001>   oxide variant on <001> BCC iron-nickel. 
ox a 
Specifically, the orientation relationship found was much simpler: 
[100] II[100]  ,, 
a      oxide 
(Oil) 11(010)  .. 
a ' '    oxide 
(011) 11(001)  .. 
a '    oxide 
Finally, the oxide morphology on the FCC iron-nickel alloys was 
studied.  Instead of a continuous thin film, the oxide consisted of 
discrete, oriented particles.  Figure 29 shows an area examined in 
the TEM.  The SADP with extra reflections reveals an oxide is 
present.  An oxide reflection was imaged and gave rise to tiny oxide 
islands as shown.  Chen and Morris found the same oxide morphology 
on BCC iron-nickel specimens. 
2.  Summary of Oxide Study 
This study shows conclusively that the oxide and 
superlattice reflections can be distinguished.  A summary of the 
results, along with a comparison of the results of Chen and Morris's 
study follow. 
(1) An oxide layer does form on FCC iron-nickel alloys. 
(2) Oxide reflections were present, independent of polishing 
technique, indicating spontaneous oxide formation.  Chen and Morris 
reported similar results. 
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Figure1 ,'9,      Fe-lS Ni jet-polished ion-beam cleaned 
(a) SADP from area in (b) showing oxide reflections 
(b) BF 
(c) CDF of reflectin in (b) showing oxide 
morphology; marker = 0.2 \:m. 
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(3) Oxide formation can be minimized by jet-polishing speci- 
mens and keeping-them desiccated.  The ion-beam thinner should be 
avoided. 
(4) Orientation relationships between the FCC iron-nickel and 
oxide were determined and compared to the results of Chen and Morris 
(1977) for BCC iron-nickel. —-— 
(a) Up to three variants of the <112>  ..  oxide were 
oxide 
present on [Oil]  FCC iron-nickel.  Chen and Morris (1977) also 
found a <112>  . ,  oxide variant present on their [110]  BCC 
oxide a 
iron-nickel.  Along with <112>  . ,  Chen and Morris found two 
° oxide 
variants of the <111>  , , .  In this study, one variant of 
oxide J 
<111>   , ,  could also exist but the <111>  , ,  reflections overlap 
oxide oxide 
those already accounted for by <112>  ., . J oxide 
(b) On the [001] , <112>  ., variants were again pre- Y      oxide ° 
sent.  Evidence of <111>  ., variants also existed along with 
oxide 
double diffraction.  Chen and Morris found a much simpler relation- 
ship, [100]JI[100]oxlde. 
(c) For [111] , 3 variants of <112>  . ,  existed plus 
Y oxide 
double diffraction.  <111>  ,,  could also be present, however, as 
oxide 
mentioned before regarding [Oil].,, the <111>  . ,  reflections i Y oxide 
overlap those accounted for by <112>  . , .  Chen and Morris did not 
oxide 
analyze <lll> • 
(d) For [013],,, 2 variants of <112>  J ,  existed.  Chen Y oxide .,; 
and Morris did not analyze [013] . 
(5)  In the patterns analyzed, superlattice reflections would 
not be obscured by oxide reflections. 
79 
(6)  Discrete, oriented oxide particles form on the FCC 
iron-nickel specimens, a similar morphology to that found by Chen 
and Morris. 
B.  HVEM 
1.  Enhanced Diffusion 
Diffusion in the iron-nickel system is very sluggish.  To 
estimate the time (t) for an atom to jump a certain distance (x), a 
r*— rough calculation can be made using x = 2V D t  (Reed-Hill, 1973). 
D , the iron-nickel interdiffusion coefficient for the y     phase, has 
Y 
been determined experimentally as a function of composition and 
temperature (Goldstein 1965).  Extrapolating down to 300°C for a 
% _28  2 50/50 iron-nickel alloy, D  is about S x 10   cm /sec.  The 
V 
shortest jump distance (x), the distance from a face to a near 
corner, is 2.54A.  The time (t) can then be calculated as follows: 
x
2
 11 t = -JL_  = 3.2 x 10  sec. (6) 
4 D 
y 
Thus, at 300°C, an iron or nickel atom needs over 10000 years to 
jump one atomic distance. 
This sluggish diffusion can be enhanced through irradiation. 
In the HVEM, if the electrons bombarding an iron-nickel sample have 
enough energy, they can knock the iron and nickel atoms from their 
lattice sites.  The result is called displacement damage.  To 
determine whether the bombarding electrons have enough energy to 
cause displacement damage, the threshold energy (E,), a material 
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characteristic, must be known.  The E and corresponding accelerat- 
ing voltages (U,) for iron and nickel are shown in Table IV. Because d 
the 1 MeV electrons used in this study are above U , displacement 
damage should occur.  However, displacement damage is dependent on 
another factor, the irradiation temperature.  Because normal thermal 
vacancy concentration increases rapidly with temperature, the higher 
the specimen temperature, the less effect irradiation has on the 
transformation.  At some critical temperature (T  . ) the thermal r
 crit 
vacancy concentration exceeds the vacancy concentration due to 
irradiation.  This critical temperature can be calculated for a 
material and for a set of microscope operating conditions.  For an 
accelerating voltage of 1 MV and a beam flux of 6.25 x 10 
e~/cm /sec, T  for iron is 810°C and for Ni, 820°C.  In this study 
c 
the highest temperature used was 320°C, well below these values. 
Thus, the accelerating voltage is high enough and the specimen 
temperature low enough for displacement damage to occur and enhance 
the diffusivity. 
To calculate how the diffusivity is influenced in the area 
under the electron beam, the steady state diffusion coefficient 
under irradiation (D.  ) must be calculated.  Assuming that mutual irr 
recombination of vacancies and interstitials are occurring along 
with diffusion to -sinks 
D,   = 2 x v  x2 (7) irr       v • 
where  x  is   the  jump  distance 
v is the concentration of vacancies 
v  is the jump frequency. 
To calculate the concentration of vacancies and interstitials 
v = -h(a  x2 + VQ) + h  [(ax2 + VQ)2 + —^ (8) 
v 
where K is the production rate of vacancies 
a is a constantirelated to the sink density 
v is the thermal vacancy concentration. 
These three variables K, a and v can be calculated.  The thermal 
o 
vacancy concentration v is obtained knowing Ef. 
vo = exp (-^) (9) 
where Ef is the vacancy formation energy. 
The production rate of vacancies (K) can then be calculated by 
assuming 90% mutual recombination of defect pairs 
K = 0.1 d> a N, (10) pa 
where d> is the electron flux and a N, is the total cross section for T p d 
displacement.  Finally, the constant a can be calculated using 
2 
'IT 
a     - - 2 
6L 
(ID 
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where L is the grain diameter.  (This expression assumes that grain 
boundaries are perfect sinks and that the specimen is dislocation 
free.) 
The jump frequency, v , must also be calculated in order to 
obtain the concentration of interstitials and vacancies. 
'is    ~Em 
v  = 10" exp (-r^1) (12) 
v kT 
where E is the activation energy for vacancy motion. 
Using the known values for pure iron and nickel listed in Table 
IV (because values for iron-nickel alloys are not known), along with 
the experimental parameters listed below the table, values for v , 
o 
K, a and v  are calculated using equations (9), (10) , (11) , and 
(12), respectively, see Table V.  All the variables necessary to 
calculate v are now known.  A value of v is obtained using equation 
(8) (Table V). 
Using equation (7), D   for iron and nickel can now be cal- 
culated: 
D.     = 1.2 x 10 15 cm2/sec irr 
Fe 
DJ     = 6.8 x 10~17 cm2/sec. 
irrM- Ni 
Substituting these values into equation (6) 
t.,      = 0.1 sec irr ^ 
Fe 
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TABLE IV 
Values for Displacement Threshold Energy (E ), 
Accelerating Voltage (U ) , Vacancy Formation {.E  ) , 
Vacancy Motion (E ), and Displacement Cross Section (a N ) 
from (1) Bricknell1 and Edington (1977) and (2) Urban (?979) 
Along with Parameters from this Experiment 
E <«     U <2>     E <2>      Ef<
2
>     o N/2) 
(eV)      (EV)      (eV)      (eV)       ^barns) 
Fe 20       370        1.1       1.5 42 
Ni 24      .440        1.4.      1.5 57 
Experimental Parameters: 
18 —  2 beam flux (<j>), = 1 x 10  e cm /sec 
accelerating voltage (U.) = 1 MV 
-4 grain diameter (L) = 1 x 10  cm 
—8 '~ jump distance (x) = 2.54 x 10  cm 
specimen temperature (T) = 300°C 
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TABLE V 
Calculated Values of the Jump Frequency (v ), the 
Constant Related .<£o Sink Density (a), the Production 
Role of Vacancies (K), the Thermal Vacancy Concentration (v ) 
and the Concentration of Vacancies (v) for Iron and Nickel 
Variable                 Fe Ni 
v 2.11 x 105/sec l      4.85 x 102/sec 
a 1.64 x 108/cm2 1.64 x 108/cm2 
K 4.2 x 10~6/sec 5.7 x 10~6/sec 
v 6.4 x 10~14 6.4 x 10~14 
o 
4.4 x 10~6 1.1 x 10 4 
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V 
tJ =  2.4 sec. irr 
Ni 
These rough calculations show that irradiation greatly enhances 
diffusivity in this system. The time for an atom to jump one atomic 
distance has been decreased dramatically from 10000 years to just a 
few seconds. 
2.  In Situ Ordering 
As explained in detail in the experimental procedures 
section, TEM samples were made from seven alloys in the 35-65 wt% Ni 
range.  Each jet-polished specimen was irradiated for at least 500 
seconds.  Irradiation was done in the bright field mode to ensure 
that the beam was irradiating the same area.  Radiation damage was 
evident in the bright field image as shown in Figure 21a,b.  The 
corresponding SADPs with superlattice spots show that the damage did 
enhance ordering, Figure 21c,d. 
Order occurred in every specimen irradiated, see Table III. The 
40, 45, 55, 60 and 65 wt% Ni specimens ordered at temperatures from 
200° to 280°C, the 35 wt% Ni specimens ordered at 200°C, the 65 wt% 
Ni ordered at 300°C and the 60 wt% Ni' alloy ordered at 320°C. 
The resulting superlattice reflections from the ordered 
structures were all of similar intensity with the exception of two 
cases.  In the first case, the superlattice reflections from the 35 
wt% Ni specimen irradiated at 200°C were obviously weaker than those 
from the 50 wt% Ni specimen irradiated at 200°C.  This indicates a 
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lower degree of order in the 35 wt% specimen.  The correlation, that 
a lower Ni content results in a lower degree of order, is expected. 
The second case is the 65 wt% Ni specimen irradiated at 300°C. 
The resulting superlattice reflections had much stronger intensity 
than any other superlattice reflections produced.  The increased 
intensity may be due to Ni Fe ordering at this high Ni composition. 
Ni Fe has the LI  superstructure which is simply the LI 
superstructure with all 3 variants present, Figure 10.  Because the 
ordered FeNi produced has all 3 variants present, the positions of 
the LI  and the Ll„ superlattice reflections in the <001> 
o 2 
orientation will overlap.  The intensity of the superlattice 
reflections will therefore increase. 
These reflections in the 65 wt% specimen irradiated at 300°C 
were the only ones intense enough to image the superlattice domains, 
see Figure 22.  It should be noted that these domains may not only 
be FeNi ordering but may also include Ni Fe ordering. 
3.  Factors Affecting In Situ Hot Stage Experiments 
The success of these HVEM in situ irradiation experiments 
depended on a few factors.  Ordered domain size was one.  Penisson 
and Bourret (1975) showed that ordered iron-nickel domains nucleated 
and grew to sizes from 10-20 nm within minutes.  Because 10-20 nm is 
smaller than the foil thickness, nucleation occurred throughout the 
irradiated area of the foil.  The probability of observing the event 
was great.  The small domain size in our alloys thus increased the 
probability of success in this study. 
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Another factor was carbon contamination.  Because carbon 
contamination may obscure any experimental results, it was necessary 
to minimize it.  In this work a hot stage was used, keeping 
contamination build-up small.  The contamination was further 
minimized by the use of a cold finger. 
The experimental results from the HVEM in situ irradiations may 
also be affected by beam heating.  Focussing an electron beam on a 
specimen can produce an increase in specimen temperature.  Because 
ordering was studied as a function of temperature, the temperature 
rise due to beam heating was an important consideration. Both 
experimental measurements and theoretical calculations of the 
magnitude of the temperature rise have been made by a number of 
investigators (Butler and Hale, 1981).  In 1970 Fisher calculated 
the temperature rise to be directly proportional to the electron 
beam flux and density of the specimen and inversely proportional to 
the thermal conductivity.  Holding these parameters constant, the 
maximum temperature rise was found to decrease with an increase in 
voltage and a decrease in beam radii.  Foil thickness is also a 
factor.  Being near a foil edge could cause a temperature rise as 
heat conduction decreases.  Finally, enough heat may be generated by 
the objective aperture in a high flux experiment to cause a tempera- 
ture rise in the sample of up to 100°C.  However, under normal 
operating conditions, at 1 MeV in foils of high thermal conductivity 
and low density examined with a 4 ym beam, Fisher found only a small 
rise in temperature of 1-10°C (Butler and Hale, 1981). 
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In this study, although radiation was done in a thin area 
(i.e., electron transparent at 100 kV), all other variables were 
controlled to minimize beam heating.  The sample was a conducting 
material, high energy (1 MeV)electrons were used.and radiation was 
18  —   2 done with a low flux ( ^10  e /cm /sec) and a small incident beam 
diameter (^ 4 pm).  Beam heating of the specimen should therefore 
fall within the 1-10°C range. 
Specimen thickness may also affect these experimental results. 
Because the specimen must be thin enough to be electron transparent, 
questions arise as to whether the transformations are typical of 
bulk material.  In this experiment, if no FeNi ordering had oc- 
curred, specimen thickness may have been a reason.  For example, 
Butler and Swann (1975) found that in the Mg-Cd system, metastable 
MgCd formed near the thin edge rather than the stable Mg Cd phase 
that forms in thicker regions.  Because ordered FeNi occurred in all 
experimental runs, specimen thickness was not a concern in this 
regard. 
A question remains, however, as to whether FeNi ordering in 
thin foils under electron irradiation is an equilibrium transforma- 
tion typical of bulk behavior.  That is, is ordering enhanced by 
irradiation or is it induced? 
Radiation enhanced ordering means thatr"radiation increases the 
point defect population causing increased diffusion rates (Lam and 
Rothman, 1975).  The kinetics of sluggish phase transformations are 
speeded up, permitting them to proceed to completion under irra- 
diation when thermal reaction has ceased. 
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Radiation induced ordering, on the other hand, means that 
without radiation the ordering would never occur.  Also, once it did 
occur, if the radiation was removed, the transformation would 
reverse itself (Wilkes, 1979).  Microstructural phase stability can 
be altered through a variety of mechanisms (Russell, 1979).  One 
mechanism, for example, may be as follows.  During irradiation a 
large number of point defects are generated, diffuse to sinks and 
annihilate.  Solute atoms may couple to this flux of defects to 
induce a flux of solute toward or away from sinks.  The segregation 
induced by solute flux can cause the composition of a local region 
to cross a phase boundary so that precipitation occurs.  Elsewhere 
in a matrix, depletion of solute can cause precipitation disso- 
lution.  In this manner phase boundaries can shift and/or unknown 
phases may be produced (see Figure 30 from Liou and Wilkes, 1979, 
for example).  In (a), the equilibrium phase diagram for the Ti-Ru 
system as calculated by Kaufman is shown.  In (b), the Ti-Ru phase 
_3 
diagram calculated for a dose rate of 10  dpa/sec is shown.  Note 
the shift in phase boundaries from (a) to (b). 
Pertaining to the debate over enhancement vs. inducement, 
Pauleve and co-workers reported a critical ordering temperature of 
320°C for a 50/50 iron-nickel alloy. This result was obtained under 
irradiation as were the results of this work.  Because it is not 
known whether the iron-nickel ordering transformation was enhanced 
or induced, a question still remains whether these results belong on 
an equilibrium phase diagram.  Further work must be done in order to 
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(a) 
0      10    20   30    40   50    60   TO    80    90   100 
Ti AT  % Ru Ru 
2800 
(b) 
0 
Ti 
10 20 30 40 50 60 70 60 SO 100 
AT % Ru ^ 
Figure 30.  (a)  The calculated equilibrium phase diagram for 
Ti-Ru system. 
(b)  The radiation modified Ti-Ru phase diagram, 
dose rate 10  dpa/sec. 
Both (a) and (b) from (Liou and Wilkes 1979) . 
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determine whether irradiation merely speeds the kinetics or whether 
it alters the phase boundaries. 
4. . SADP Fine Structure 
Fine structure was evident in most SADPs.  One prominent 
feature was streaking.  All streaking was more apparent with the 
specimen tilted off the zone axis and with longer exposures (but not 
over-exposed).  Figure 31 shows one type of streaking: short 
diffuse streaks in <110> directions.  Both the streaking and the 
diffuse reciprocal lattice spots indicate an imperfect lattice. 
Radiation damage causes imperfections in the lattice in the form of 
Frenkel pairs (Lam and Rothman, 1975), see Figure 13.  The vacancies 
and interstitials can cluster on close packed planes forming 
intrinsic or extrinsic dislocation loops.  In face centered cubic 
alloys these loops lie on {111} planes and the majority have been 
shown experimentally to be extrinsic (Brown, 1976).  Short streaks 
can arise from the shape of these defects and from their strain 
fields. 
Another possible explanation for the streaking in the SADPs is 
"tweed", a contrast effect due to strain.  It has often been ob- 
served in many ordering systems including LI  (Tanner and Leamy 
1974).  The tweed contrast arises from a non-random high-density 
distribution of tetragonal strain centers in the parent cubic 
lattice.  The contrast appears as fine striations which lie aloivg 
traces of {110 } planes in the BF and are accompanied by the 
92 
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Figure 31.  <100>Y SADP of 45 wt% Ni sample after 1000 sec, 
of irradiation at 280°C. 
<110> directions. 
Note diffuse streaks in 
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appearance of weak, diffuse strain relrods in the SADP in the <110> 
directions. " 
Shown in Figure 32, diffuse streaks, continuous between recip- 
rocal lattice spot,' also occurred in the <110> directions.  These 
patterns were similar to the SADPs found by Honjo and co-workers 
(Honjo, 1964) for FCC metals like Al and Au.  Thermal diffuse 
scattering caused these walls of intensity in Honjo's work and the 
intensity increased at voltages over 150 kV and with increasing 
temperature.  No direct correlation between the experimental temper- 
ature and streak intensity could be determined in this study. 
The continuous streaks due to thermal scattering and the short 
streaks due to defects or their strain fields may overlap as both 
lie in the <011> .  Thus, short streaks-may be present in the SADPs 
that exhibit thermal scattering but the short streaks are hidden. 
In some cases, when the continuous streaking was not present, short 
streaks were evident. 
Fine structure was also present in some of the SADPs due to an 
oxide surface film and its double diffraction effects, Figure 19 for 
example.  In most cases, very little oxide was present.  In some 
cases, the oxide surface film was reduced during the experiment in 
the HVEM.  Reduction occurred on the 45 wt% Ni and 65 wt% Ni speci- 
mens run at 280°C and the 60 wt% Ni specimen run at 320°C (see 
Figure 33 for example).  In one case, so much oxide was present on 
the surface of the specimen (40% at 280°C), no noticeable reduction 
of the oxide occurred during the experiment. 
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Figure 32. IGO>  SADP of 60 wt% Ni sample after 200 sec. of 
irradiation at 280°C.  Note continuous streaks in 
< 110> directions, 
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(a) 
(b) 
Figure 33.  <100>  SADP of 60 wt% Ni sample 
(a) Before irradiation - oxide present 
(b) After irradiation - oxide reduced.- 
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5.  Summary of HVEM 
The results of the HVEM in situ experiments and the 
factors affecting the results are summarized. 
1. Calculations showed that irradiation should enhance dif- 
fusion in the iron-nickel system.  At 300°C, the time for an iron or 
nickel atom to jump one atomic distance was calculated to decrease 
from 10,000 years to seconds. 
2. Experimentally, irradiation did enhance diffusion in the 
iron-nickel system.  Ordering occurred within minutes in all experi- 
ments run:  the 40, 45, 55, 60, 65 wt% Ni specimens ordered at 
200-280°C, the 35 wt% Ni specimen ordered at 200°C, the 65 wt% Ni 
specimen ordered at 3Q0°C, and the 60 wt.% Ni specimen ordered at 
320°C. 
3. The success of the in situ irradiation was affected by a 
few experimental factors.  A domain size smaller than the foil 
thickness, very little carbon contamination and minimal beam heating 
improved the success and validity of these experiments. 
4. Further work is necessary to determine whether ordering 
under irradiation is an enhanced or induced transformation. 
5. Fine structure was apparent in most of the SADPs in one of 
three forms:  (a) short diffuse streaks due to the shape of defects 
and/or their strain fields; (b) continuous streaks due to thermal 
diffuse scattering; (c) extra reflections due to a spinel oxide 
layer. 
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C.  Meteorites 
1.  Examination of Dayton and Tazewell 
The meteorites Dayton and Tazewell were examined in this 
work because they had large taenite (y) fields and because material 
from the meteorites was abundant.  Specimens were prepared by jet 
polishing.  If electron transparent areas were not obtained in 
regions of interest, short periods of ion-beam thinning followed 
(more specimen preparation details in Experimental Procedures 
section). 
A low magnification view of a typical region of interest is 
shown in Figure 34A.  As can be seen, taenite fingers are surrounded 
by the kamacite phase.  As taenite was of particular interest, it 
was examined more closely.  A higher magnification view of the 
taenite shows that it is composed of the different zones described 
in the Background section.  Figure 34b shows four zones:  (1) clear 
taenite (I); (2) cloudy zone; (3) clear taenite (II); and (4) 
martensite. 
STEM microanalysis traces were taken across the clear taenite 
(I) phase.  The results are shown in Figure 26.  The highest Ni 
content, 53 wt% Ni, was located close to the kamacite interface, 
decreasing to 45 wt% Ni just outside the cloudy zone. 
2.  Clear Taenite (I) 
Imaging the superlattice reflections revealed ordered 
domains.  Typical domains are shown in Figure 23.  Ordered domains 
were measured in a clear taenite (I) region and the sizes varied 
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(a) 
(b) 
Figure 34.  (a) Taenite finger surrounded by kamacite in 
Dayton; marker = 400 Urn 
(b) Higher magnification of taenite field in (a) 
showing four zones; marker = 20 Mm. 
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from about 30 nm in the lowest Ni regions to 650 nm in the highest 
Ni region.  Meanwhile, domains in the irradiated alloys measured 
only about 4-15 nm, Figure 22.  The domain size difference between 
meteorites and the irradiated alloys is an expected result as the 
following calculations show. 
Referring to section 2(A), Enhanced Diffusion, irradiation is 
—28 
shown to enhance the interdiffusion coefficient from 5 x 10 
9 — 1^9 
cm /sec in meteorites to about 1 x 10   cm /sec in the irradiated 
alloys at a 50 wt% Ni composition.  This difference of twelyie orders 
of magnitude is compensated for by the time available for diffusion. 
9 
Meteorites formed and cooled for more than 4 x 10 years (Anders 
1962), that is about 10  sec.  Meanwhile, the iron nickel alloys 
3 
were irradiated for only 15 minutes, about 10 sec.  Using these 
values in equation 6 to calculate x, the atom jump distance, it is 
found that 
x = 2 V (5 x 10 28 cm2/sec) (1 x 1017 sec) 
meteorite 
= 140 nm 
>/u7--16   2 x.   ,    = 2 V (1 x 10  cm /sec)  (1 x 10  sec) irrad 
= 6 nm 
Another factor affecting the growth rate in meteorites is the 
phosphorus content.  With the presence of only 0.15 wt% P the volume 
diffusion coefficient of Ni is raised by a factor of 10 at 750°C 
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(Narayan and Goldstein 1983).  Dayton, like most meteorites, con- 
tains more phosphorus than 0.15 wt%.  Recalculating x     .  using v
       
K 6
 meteorite    6
the increased diffusion rate results in 
/7T7^-27 -2,-,  17 <  ..   ,. ,  =2V (5x10   cm /sec)  (1 x 10  sec) 
meteorite/P 
= 450 nm 
Comparing the calculated values for jump distances in the 
/ 
irradiated alloys and meteorites, including P enhancement, 
x.   ,      = 6 nm irrad 
x
  ..   •_ I-a  = ^50 nm meteorite/P 
Thus, the difference in domain size measured between irradiated 
alloys and meteorites (in high Ni content region) can be expected, 
measured domain size - irradiated alloys = 4-15 nm 
measured domain size - meteorites       = 650 nm 
Albertsen and co-workers (1983) also examined the clear taenite 
(I) region in Dayton.  Looking at an orientation close to an <001>, 
the ordered domains varied in s.ize from 200-500 nm near the 
kamacite/clear taenite (I) border to about 15 nm near the clear 
taenite/cloudy zone border.  These size variations found by 
Albertsen and co-workers are similar to the range of sizes found in 
this work. 
A question exists whether clear taenite (I) is fully ordered. 
There has been speculation (Mehta et al. 1980; Scott and Clark 1979) 
101 
but no direct microscopic evidence has been shown.  Using the TEM, 
this question can be answered. 
Three variants of the ordered FeNi phase are possible, see 
Figure 10.  If all three are present, the samples must be tilted to 
close to a <111> zone axis for each of the three variants to be 
diffracting.  Care must be taken to image all three variants because 
if only one or two are imaged, the area would look like ordered 
domains surrounded by a disordered matrix (Mehta et al. 1980). 
In this work a thin clear taenite (I) region was found and 
tilted to a <111>.  A few places were contaminated with carbon to 
ensure that the same area was being examined.  One variant was then 
imaged using standard centered dark field (CDF) techniques.  Because 
the foil was slightly bent, some intensity from the ordered domain 
was slightly off the exact Bragg condition.  The foil was then 
tilted 1-2° in two directions and CDF was again used to image the 
ordered domains.  Each of the three variants was imaged in this way, 
Figure  24.  By matching areas in the negatives and overlaying those 
' negatives appropriately, all three variants of the ordered domains 
can be shown, Figure 25.  The ordered domains or clusters of ordered 
domains are large next to the kamacite where the Ni content is the 
highest.  As the cloudy zone is approached and the Ni content 
decreases, the domains become smaller. 
Figure 25 shows that the clear taenite (I) region is fully 
ordered until near the cloudy zone.  Approaching the cloudy zone 
border, however, the small domain size makes It difficult to 
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determine whether all of the region is filled by ordered domains or 
whether very small regions of disorder exist between them. 
The ordered domains or clusters of ordered domains are large 
next to the kamacite where the Ni content is the highest.  As the 
cloudy zone is approached and the Ni content decreases, the domains 
become smaller.  Smaller domains mean more antiphase boundaries 
(APBs), Figure 24.  Because APBs are regions of disorder, the 
greater the number of APBs, the lower the degree of ordering in the 
structure.  Thus, as the cloudy zone is approached, the Ni content 
decreases, the domain size becomes smaller and the degree of order 
diminishes. 
A decrease in the degree of order as the Ni content decreases 
was also observed in the HVEM experiments.  Qualitatively, the 
intensity of the superlattice reflections after 1000 sec. at 200°C 
was compared.  The superlattice reflections from the 35 wt% Ni 
specimen were much weaker than the superlattice reflections from the 
50 wt% Ni specimen. 
3.  Summary of Meteorites 
The results from a study of the meteorite Dayton are 
summarized below. 
1. Large taenite fields are present in Dayton. 
2. The taenite fields are comprised of different microstruc- 
tural zones:  (a) clear taenite (I); (b) cloudy zone; (c) clear 
taenite (II); and (d) martensite. 
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3. STEM microanalysis traces across clear taenite (I) showed 
by that Ni content is as high as 53 wt% near the kamacite border and 
decreases to 45 wt% Ni near the cloudy zone border. 
4. The ordered domain size found in meteorites is larger than 
the ordered domain size found in the irradiated alloys, 30-650 nm 
vs, 4-15 nm, respectively. 
\ 5.  Diffusion calculations (including the enhancement in 
meteorites due to the presence of P) show that a large difference in 
domain size between meteorites and irradiated alloys is expected. 
6. All three variants of the LI FeNi structure can be imaged 
with an orientation close to a <111> • 
Y 
7. Large ordered domains exist in the high Ni region of clear 
taenite (I).  The domain size decreases as the Ni content decreases. 
Near the cloudy zone, the smallest domain sizes exist. 
8. Examination of a 1.2 pm wide clear taenite (I) region 
showed that the area from the kamacite border to about 1 pm from 
that border is fully ordered.  As the cloudy zone is approached, the 
domain size becomes too small to determine whether the remaining 
0.2 ym area is fully ordered. 
9. In both the clear taenite zone of meteorites and in the 
irradiated alloys, the degree of order decreased with a decrease in 
Ni content. 
D.  Fe-Ni Phase Diagram 
1.  Results of HVEM and TEM 
Using the results from the HVEM irradiation experiments of 
terrestrial alloys and the TEM examination of meteorites, one can 
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suggest boundaries on the low temperature Fe-Ni phase diagram.  To 
apply the results from the HVEM to an equilibrium phase diagram, 
radiation-enhanced ordering must be assumed.  If radiation-induced 
ordering occurred, the phase boundaries may shift (see Discussion). 
The results from the HVEM experiments show that the composition 
of the ordering transformation ranged from 35 to 65 wt% Ni at 200°C. 
No attempt was made at determining whether the alloy was fully 
ordered or whether it contained ordered plus disordered regions. 
Xhu.s_, no conclusions can be drawn from these results about where the 
ordered region exists within the ordered plus disordered region on 
the phase diagram.  The results also do not allow the full extent of 
the ordered plus disordered region at 200°C to be delineated. 
Ordering occurred in the 35 wt% Ni, the lowest Ni composition 
irradiated.  Ordering also occurred in the 65 wt% Ni, the highest Ni 
composition irradiated.  Thus, no ordered plus disordered boundaries 
can be drawn on the low Ni or high Ni end of the diagram.  Another 
problem already mentioned is that Ni„Fe ordering may be occurring in 
the high Ni alloys irradiated at high temperatures, 65 wt% Ni 
irradiated at 300°C specifically. 
The results do show that a wide ordered plus disordered region 
exists at 200°C.  The width should decrease as the temperature 
increases. 
The TEM examination of meteorites, coupled with microanalysis, 
add further information to the phase diagram.  TEM studies show that 
the clear taenite (I) region is fully ordered until near the two 
phase cloudy zone region.  Next to the cloudy zone the domains are 
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small and it becomes .difficult to determine whether full ordering 
has occurred.  A STEM microanalysis trace across the clear taenite 
(I) zone shows that the ordered domain size is directly proportional 
to the Ni content at the kamacite/clear taenite (I) interface.  The 
domains are the largest and the Ni content is the highest (53 wt% 
Ni).  Traversing across the clear taenite (1) toward the cloudy 
zone, the Ni content diminishes as the domain size decreases.  At 
the cloudy zone interface the smallest domains correspond to the 
lowest Ni content in the clear taenite (I) zone (45 wt% Ni).  From 
these results obtained from the meteorites, two conclusions about 
the phase diagram may be drawn.  First, the general shape of the 
ordered phase field may look like that shown in Figure 35 for y '. 
That is, at some temperature, T, taenite with 53 wt% Ni transforms 
to tetrataenite.  As T is lowered, taenite of lower and lower Ni 
content transforms.  Larger domains will be present in the area that 
transforms first because more time is available for growth after the 
transformation.  Thus, as the Ni content decreases, the domain size 
decreases. 
Second, because this region is fully ordered until near the 
cloudy zone, a part of the fully ordered region can be delineated on 
the phase diagram.  The region must include 45 wt% Ni and 53 wt% Ni 
but at what temperature?  Assuming that the composition of the 
kamacite and clear taenite (I) are in equilibrium at their inter- 
face, an equilibrating temperature can be found as follows.  The 
kamacite near the interface contained 3.5 wt% Ni.  Using the phase 
diagram determined by Romig and Goldstein (1980), Figure 14, and 
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extrapolating to 3.5 wt% Ni, an approximate equilibrating tempera- 
ture of 250°C is obtained.  Strictly speaking, meteorites contain 
phosphorus and should be shown on an Fe-Ni-P phase diagram.  Howev- 
er, the a/a+Y phase boundaries for the Fe-Ni (P saturated) and the 
binary Fe-Ni phase diagrams become very close as the temperature 
decreases.  For 3.5 wt% Ni, both a/ct+y phase boundaries extrapolate 
to about 250°C. 
At 250°C, then, 53 and 45 wt% Ni should be contained within the 
single phase field of ordered FeNi.  In Figure 35, 53 wt% Ni is 
Li 
included but 45 wt% Ni is not.  The STEM microanalysis results 
suggest that the ordered phase boundary be extended to include 45 
wt% Ni at 250°C. 
The above results show approximate agreement with the phase 
diagram proposed by Goldstein and Williams (1982) shown in Figure 
35.  A wide two phase ordered plus disordered region is shown with a 
smaller fully ordered region within .it.  More irradiation studies 
and further TEM and microanalysis of meteorites are needed before 
phase boundaries can be substantiated. 
2.  Summary of Fe-Ni Phase Diagram 
1.  The HVEM results show that a wide two phase ordered 
plus disordered region ranging from at least 35-65 wt% Ni exists on 
the phase diagram at 200°C.  As the temperature increases, the 
extent of this two phase field decreases. 
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2. The full range of the ordered plus disordered region 
cannot be delineated from the HVEM results because ordering .occurred 
for all alloys at all temperatures. 
3. TEM and STEM microanalysis of the meteorites showed 
that the ordered phase field should include 53-45 wt% Ni at 250°C. 
The general shape of the ordered phase field (i.e., similar to the 
shape shown for y' i° Figure 35), was also suggested from the 
results. 
4. The results from the studies on the laboratory alloys 
and the meteorites are in approximate agreement with the phase 
diagram proposed by Goldstein and Williams (1982). 
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VI.  SUMMARY 
Through HVEM irradiation studies of iron-nickel alloys and 
through TEM observation and microanalysis of iron meteorites, 
information about the ordered iron-nickel phase, FeNi, was obtained. 
This new knowledge was then correlated to the low temperature 
(<400°C) iron-nickel phase diagram. 
The presence of ordered FeNi was  ascertained by the presence 
of superlattice reflections in the SADPs.  Oxide, however, forms on 
the surfaces of thin-foil FCC iron-nickel specimens and it was 
feared that the oxide reflections may obscure the superlattice 
reflections." By determining the FCC iron-nickel/oxide orientation 
relationships in a few low zone axis SADPs, the oxide and 
superlattice reflections were distinguished. 
Certain that the superlattice reflections were due to the 
ordered FeNi phase, HVEM irradiation experiments were done to find 
the extent of ordering (under irradiation) as a function of tempera- 
ture and composition.  At 200°C, ordered FeNi was formed in a wide 
composition range from 35 wt% to 65 wt% Ni.  Increasing the tempera- 
ture to 280°C, the specimens in the 40 wt% Ni to 65 wt% Ni composi- 
tion range ordered.  The 35 wt% Ni was not irradiated at 280°C. 
Only one specimen was irradiated at each of the two highest tempera- 
tures; 65 wt% Ni was irradiated at 300°C and 60 wt% Ni was irradi- 
ated at 320°C.  Both specimens ordered. Because all of the specimens 
irradiated resulted in the ordered FeNi phase, more irradiation 
110 
experiments must be done to determine the compositions and tempera- 
tures where the order/disorder boundaries exist. 
Microanalysis was performed on the meteorites Dayton and 
Tazewell.  The composition of tetrataenite, the ordered FeNi phase 
in meteorites, ranged from 45 wt% Ni to 53 wt% Ni.  The composition 
of the tetrataenite is in the range of composition found to order 
through irradiation. 
TEM observation of Dayton revealed the size of the superlattice 
domains.  The meteorites had generally larger superlattice domains 
than the irradiated alloys, 30-650 nm vs. 4-15 nm, respectively. 
The size difference was expected.  By taking into account the time 
available for diffusion, the diffusion rate and phosphorus 
enhancement of the diffusion rate, the size difference was 
calculated (for 50% Ni content) and agreed well with observation. 
Tetrataenite has an LI  structure: therefore three variants of 
o 
the ordered phase can exist.  With the specimen in the <111> f . y 
orientation, all three variants were found and imaged.  At the 
kamacite/clear taenite (I) interface, large domains exist, decreas- 
ing in size until the clear taenite (I)/cloudy zone interface is 
reached.  Examining all three variants, the clear taenite (I) zone 
appears fully ordered until near the cloudy zone interface.  Near 
the interface the domains become small and it is difficult to 
determine whether full ordering occurred or whether the small 
superlattice domains are surrounded by a small amount of the disor- 
dered iron-nickel phase. 
Coupling the results from the TEM with the results from micro- 
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analysis, a correlation was made between the ordered domain size and 
the Ni content in meteorites:  as the domain size decreases, the Ni 
content decreases.  This result leads to the conclusion that as the 
Ni content decreases, the degree of order decreases.  The results 
from the HVEM experiments agree with this conclusion. 
The results from the TEM studies and micronanalysis on the 
meteorites, along with the results from the HVEM and TEM studies on 
terrestrial alloys are correlated to the iron-nickel phase diagram. 
The following conclusions may be drawn: 
1. The results from the examination of the meteorites showed 
that the ordered domains with higher Ni contents were larger in 
size.  The ordered domain size will correspond to the Ni content if 
the general shape for the ordered phase field looks like that shown 
in Figure 35 for y'•  That is, at some temperature, T, taenite with 
53 wt% Ni transforms to tetrataenite.  As T is lowered, taenite with 
lower and lower Ni content transforms.  Therefore, the high Ni 
region transforms first and has longer time to grow resulting in a 
larger domain size than the lower Ni regions. 
2. The results from the meteorites also show that the clear 
taenite (I) zone is fully ordered until near the cloudy zone.  This 
clear taenite (I) zone contains 53 wt% Ni near the kamacite 
interface decreasing to 45 wt% Ni near the cloudy zone.  Combining 
the TEM and microanalysis results, part of the single phase field 
can be located on the phase diagram.  Assuming an equilibrium 
temperature of 250°C, 53 and 45 wt% Ni should be included within the 
single phase field.  (The Ni composition in the kamacite, 3.5 wt% 
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Ni, was used to determine the equilibrating temperature.)  In Figure 
35, 53 wt% Ni is included but 45 wt% Ni not.  The single phase 
ordered boundary should be extended to include 45 wt% Ni: 
3.  The results from the HVEM irradiation experiments indicate 
a wide two phase ordered plus disordered region including 35 to 65 
wt% Ni at 200°C.  As the temperature increases the extent of this 
field should decrease.  Figure 35 shows such an ordered plus 
disordered phase field. 
Although no boundaries on the iron-nickel phase diagram can be 
clearly delineated from this work, the results are in approximate 
agreement with the phase diagram proposed by Goldstein and Williams 
(1982) shown in Figure 35.  Better definition of the low temperature 
region of the phase diagram is important.  Further AEM work on 
meteorites and more irradiation experiments are, therefore, 
necessary. 
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VII.  SUGGESTIONS FOR FUTURE WORK 
A better understanding of low temperature ( 400°C) iron-nickel 
phase diagram is needed and a few suggestions for additional studies 
to improve its definition follow. 
To begin with, the effects of electron irradiation on the 50/50 
Fe-Ni ordering transformation, must be better understood. 
Specifically, does irradiation enhance the kinetics of the 
transformation or does it induce the transformation? To answer this 
question, a different experimental technique to enhance diffusion in 
Fe-Ni must be used.  If the HVEM results are reproducible, then 
enhanced transformation kinetics can be assumed.  Chemical vapor 
deposition (CVD) or rapid solidification are ways to add defects to 
a structure, thereby enhancing diffusion.  Suggestions for future 
experiments include: 
(1) preparing vapor deposited samples in the 30-65 wt% Ni 
range.  Hot stage TEM and conventional SADPs-will show the extent of 
ordering as a function of temperature and composition. 
(2) preparing thin-foil samples from rapidly solidified 30-65 
wt% Ni alloys that have been heat treated in the ordered phase 
field.  Conventional SADPs will show the extent of ordering as a 
function of temperature and composition. 
Assuming that the transformation is enhanced, further HVEM 
irradiation experiments can be run to Improve the definition of the 
two phase ordered plus disordered phase boundary.  These include: 
(3) extending the irradiation experiments performed in this 
study to temperatures up to A00°C with specimens ranging from 
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30-65 wt% Ni. 
(4) ordering specimens in the 30-65 wt% Ni range at 1 MeV at 
200°C.  Observing the superlattice reflections as the temperature is 
raised should reveal the temperature of the ordered/disordered phase 
boundary at the appropriate composition. 
(5) ordering specimens in the 30-65 wt% Ni range at 1 MeV at 
200°C. Observing the superlattice reflections below the threshold 
voltage as a function of temperature and composition should result 
in the same ordered/disordered phase boundary found in (4). 
(6) running experiments (3), (4), and (5) with Fe-Ni-P alloys 
in the 30-65 wt% Ni range. 
Where the ordered phase boundary is located within the two 
phase order plus disorder phase field is also of interest.  Possible 
experiments include: 
(7) observing 40-60 wt% Ni specimens ordered at a constant 
temperature in a <111> orientation.  By imaging the three 
superlattice lattice reflections, the volume fraction of ordered 
FeNi at constant temperature can be determined. 
Also of interest is the degree of order as a function of 
composition at constant temperature.  A possible experiment may be: 
(8) calculating the Bragg-Williams ordering parameter, S, 
using the quantitative microdiffraction measurement described by 
Chevalier and Craven (1977). 
Further studies of meteorites are also necessary.  To determine 
the ordered phase boundary, possible experiments include: 
(9) observing clear taenite (I) in a number of meteorites 
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using CDF  imaging techniques, quantitative microdiffraction (8) and 
STEM microanalysis. 
(10) a hot-stage STEM experiment on clear taenite (I) using 
both microanalysis and microdiffraction.  The superlattice 
reflections should disappear across the clear taenite (I) zone as a 
function of temperature and compositions. 
More information on the two phase ordered plus disordered phase 
boundary is also needed.  Suggested experiments include: 
(11) using microdiffraction and microanalysis across clear • 
taenite (I) and the cloudy zone in a number of meteorites. 
(12) determining the volume fraction of the two phases in the 
cloudy zone as a function of distance across the cloudy zone. . 
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